Genetic studies of midgut carcinoid cancer have exclusively focused on genomic changes of the tumor cells. We investigated the role of constitutional genetic polymorphisms in predisposing individuals to ileal carcinoids. In all, 239 cases and 110 controls were collected from three institutions: the Uppsala University Hospital; the Dana-Farber Cancer Institute; and the MD Anderson Cancer Center, and were genotyped using microarrays assaying O300 000 single nucleotide polymorphisms. Association with rs2208059 in KIF16B approached statistical significance (Mantel-Haenszel odds ratioZ2.42, PZ4.16!10 K7 ) at a Bonferroni-corrected level (!1.62!10 K7 ). Using two computational algorithms, four copy-number variants (CNVs) were identified in multiple cases that were absent in study controls and markedly less frequent in w1500 population-based controls. Of these four constitutional CNVs identified in blood-derived DNA, a 40 kb heterozygous deletion in Chr18q22.1 corresponded with a region frequently showing loss of heterozygosity (LOH) in ileal carcinoid tumor cells based on our meta-analysis of previously published cytogenetic studies (69.7% LOH, 95% confidence intervalZ60.0-77.9%). We analyzed the constitutional 40 kb deletion on chr18 in our study samples with a real-time quantitative PCR assay; 14/226 cases (6.19%) and 2/97 controls (2.06%) carried the CNV, although the exact boundaries of each deletion have not been determined. Given the small sample size, our findings warrant an independent cohort for a replication study. Owing to the rarity of this disease, we believe these results will provide a valuable resource for future work on this serious condition by allowing others to make efficient use of their samples in targeted studies.
Introduction
Ileal carcinoids are well-differentiated and malignant neuroendocrine tumors of the small intestine. Ileal carcinoids are uncommon, with an age-adjusted annual incidence of !1 per 100 000 population per year in both the United States and Europe (Buchanan et al. 1986 , Modlin et al. 2003 . While some gastroenteropancreatic neuroendocrine tumors are associated with hereditary cancer syndromes (e.g. MEN1, MEN2A, and MEN2B), ileal carcinoids are a primarily sporadic neoplasm (D'adda et al. 2002) . The genetic etiology of ileal carcinoids is largely unknown, but has been the focus of much recent research.
Numerous candidate genes have been studied, but no mutations have been consistently identified in TP53, KRAS, SMAD4, BRAF, APC, or CTNNB1 (Weckstrom et al. 1996 , Younes et al. 1997 , Lollgen et al. 2001 , Su et al. 2006 ). Genome-wide cytogenetic studies of ileal carcinoids, which compare tumor tissue to matched healthy tissue, have sought to identify genomic alterations critical to ileal carcinoid tumorigenesis. Although ileal carcinoid tumors show genomic instability, such studies have had little success in narrowing down the list of genes potentially involved in disease pathogenesis (Oberg 2009 ).
While the genes involved remain unknown, cytogenetic studies of ileal carcinoid tumors have begun to indicate that specific chromosomal regions are frequently altered (Kulke et al. 2008 , Andersson et al. 2009 ). Recurrent chromosomal aberrations detected in multiple affected patients are believed to harbor dosage-sensitive genes, which influence ileal carcinoid tumorigenesis (Oberg 2009 ). Accumulating data on recurrent chromosomal deletions reveal that loss of one or more as yet unidentified tumor suppressor genes may be a critical step in the development of ileal carcinoids. Furthermore, recurrent chromosomal amplifications are believed to encompass a gene, or genes, which promote carcinoid tumor formation or survival (Zikusoka et al. 2005) . While recurrent chromosomal aberrations are not a unique feature of ileal carcinoids, the specific chromosomal regions affected are largely particular, though not unique, to these tumors. Even among carcinoid tumors, ileal carcinoids show markedly different genomic profiles when compared with neuroendocrine tumors of the pancreas, lung, or another gastrointestinal site (Tonnies et al. 2001 , Kim do et al. 2008 . This suggests that neuroendocrine tumors develop through molecular pathways that are largely distinct across tumor sites, but common to tumors of a given site.
In an attempt to identify genes that are a component of the common pathway through which ileal carcinoids develop, we performed a genome-wide association study (GWAS) to identify constitutional genetic variants associated with development of ileal carcinoids using a multicenter case-control design comprising patients from the three centers. A total of 239 cases and 110 controls were genotyped at more than 300 000 single nucleotide polymorphisms (SNPs). As rare disorders may be associated with rare genetic variants (Galvan et al. 2010) , and because chromosomal aberrations are a common feature of carcinoid tumors, SNP array data from the GWAS was used to identify copy-number variants (CNVs) potentially associated with case status. These CNVs were then subjected to verification by quantitative real-time PCR (RT-qPCR). Until now, genetic studies of ileal carcinoids have focused on genomic changes characteristic of carcinoid tumors, using matched healthy tissue as the reference. To our knowledge, this is the first study to investigate, genome-wide, the role of constitutional genetic polymorphisms in predisposing individuals to development of ileal carcinoids.
Materials and methods

Ethics statement
All participating institutions received the IRB approval, and appropriate informed consent was obtained from human subjects. DNA samples used in this study were obtained from archives wherein patients have already provided their informed consent to use specimens for research purposes.
Study population
A multicenter pilot case-control study was designed to include patients seen for ileal carcinoid cancer at the Dana-Farber Cancer Institute (82 cases and 35 controls), the University Hospital of Uppsala, Sweden (102 cases and 48 controls), and the MD Anderson Cancer Center (55 cases and 27 controls). All study participants have reported northern European ancestry. Clinical information was ascertained by the participating clinicians at each of the three sites. Tumor status and disease diagnosis were also performed by the participating clinicians. All cases obtained from the University Hospital of Uppsala, Sweden had metastatic disease, whereas cases obtained from the Dana-Farber Cancer Institute and the MD Anderson Cancer Center were at various stages of disease. Although cases were at various stages of disease, all tumors warranted surgical resection and all cases underwent surgery for carcinoid cancer as the primary indication.
Definition of cases and controls
All patients with ileal carcinoid tumors were eligible for inclusion, irrespective of age, gender, ethnicity, and tumor stage. Cancer-free controls were selected and frequency-matched to cases based on age, gender, and race, which have been shown to be associated with the incidence of intestinal carcinoid cancer (Modlin et al. 2003) . To eliminate controls with indolent or subclinical carcinoid tumors, controls were, when possible, excluded if they reported symptoms associated with midgut carcinoids, including 1) anemia, 2) undiagnosed episodic serious stomach pains or possible partial obstruction, 3) any episode of blood loss from the upper or lower gastrointestinal tract, or 4) a family history of neuroendocrine cancer.
GWAS genotyping
DNA samples were extracted from peripheral blood, obtained by venipuncture. DNA samples were run on a 1% agarose gel to assess quality; all samples showed a single, high-molecular weight band and no sample was excluded based on this assay. Genotyping was performed at The Rockefeller University Genomics Resource Center using the Illumina 300K SNP Infinium platform (Sentrix HumanHap 300) according to the manufacturer's recommended protocol. On average, the platform contains one SNP every 9 kb across the genome (median spacingZ5 kb).
Statistical analysis
Fisher's exact tests were used to test single SNP associations for both allele and genotype frequencies. This was carried out by constructing 2!2 tables of the allele counts and 2!3 tables of the genotype counts for each SNP in all cases and controls, stratified by site. To control for differences in allele frequency in patients recruited at different study sites, association statistics were calculated within single sites and then combined as follows: Z-scores for single SNP association at each site were weighted by sample size then summed across all the three sites to yield overall association statistics for the combined sample. The presence of population stratification among individuals from each study site was assessed using Eigenstrat (Price et al. 2006) .
Systematic review and meta-analysis
A Medline search was performed on July 1, 2010 to identify all articles whose titles or abstracts contain the word 'chromosome' or 'chromosomal' and which were indexed with the MeSH terms 'carcinoid' or 'neuroendocrine'. Bibliographies of selected articles were scanned to identify pertinent publications, which the electronic search may have missed. Results were not filtered by language.
Studies that provided individual-level data were eligible for inclusion if the total number of ileal carcinoid tumors screened for chromosomal alterations was given, and the variants identified in each tumor were listed. Chromosomal alterations detected in other midgut carcinoid tumors (e.g. duodenal, jejunal, and appendiceal) were noted, but were excluded from the meta-analysis in order to minimize tumor heterogeneity.
From the selected publications, a list of the most commonly reported chromosomal alterations was compiled, and a meta-analysis of the prevalence of this alteration in patients with ileal carcinoids was performed. As different genetic alterations may distinguish localized ileal carcinoid tumor tissue from metastatic tumor tissue, a stratified analysis was performed to assess the prevalence in localized tumors separately from that in metastatic tumors. A fixed-effect model was used to combine studies within each subgroup, and the study-to-study variance was computed independently within the subgroups. Heterogeneity between the two subgroups was assessed using the Q value, which was compared with a c 2 distribution with one degree of freedom using a significance threshold of aZ0.10.
In the absence of substantial heterogeneity between local and metastatic tumors, the prevalence data may be combined to determine the prevalence of a given genetic aberration among all ileal carcinoid tumors.
The study-to-study variance was not assumed to be the same for both the subgroups and was computed within the subgroups; 95% confidence intervals for this prevalence were calculated for primary tumors, metastatic tumors, and all carcinoids combined (excluding metastatic tumors of patients contributing a primary tumor, due to dependency of metastatic tumor genotype on primary tumor genotype). Study heterogeneity was assessed using the I 2 statistic (Higgins et al. 2003) . To assess the presence of reporting bias, a funnel plot graphing study precision against the logit event rate was created and Egger's regression asymmetry test was performed (Egger et al. 1997) . By abstracting data on chromosomal aberrations primarily from genome-wide scans, which are not hypothesis driven, reporting bias should be minimized. All statistics for the meta-analysis were calculated in Comprehensive Meta-Analysis, version 2 (Biostat Inc., Englewood, NJ, USA).
Detection of constitutional CNVs
CNVs were identified genome-wide by applying two distinct algorithms to the SNP array data. The first algorithm normalizes LogR and B allele frequency data to the larger sample pool to remove sample-specific noise. Based on the empirical distribution of LogR and Endocrine-Related Cancer (2011) 18 171-180 www.endocrinology-journals.org B allele frequency values, the likelihoods of a given SNP being 0, 1, 2, and 3 or more copies were calculated respectively. If more than one SNP supporting deletion or duplication arose consecutively and the likelihood ratio of the SNPs exceeded threshold, they were called a deletion or duplication (Choi et al. 2009 ). The second algorithm, BioDiscovery's SNPRank Segmentation algorithm (BioDiscovery Inc., El Segundo, CA, USA), is based on the circular binary segmentation algorithm of Venkatraman & Olshen (2007) . This detection algorithm divides an individual's genome into regions of equal copy-number and utilizes both the hybridization intensity and the B allele frequency to identify CNVs. Association tests were used on all individual CNVs detected, except those observed in only one case or in no controls.
CNVs were identified genome-wide and a limited number were confirmed on a per-sample basis using RT-qPCR. Real-time qPCR results were used to train the algorithms and adjusted calling thresholds. Following the training of the algorithms, a final list of CNVs detected with high confidence was assembled.
For those CNVs identified in several cases but absent in the study controls, we looked up the CNV frequency in the Database of Genomic Variants (http:// projects.tcag.ca/variation/) to ensure their rarity in controls was not due to chance alone (Iafrate et al. 2004) . We also assessed the frequency of these rare CNVs in a set of population-based controls, which were genotyped for another study using the Illumina 370K SNP array.
The most promising CNVs (those located in candidate regions from the systematic review) were assayed on the entire case-control dataset using a TaqMan copy-number genotyping assay.
TaqMan copy-number genotyping
Copy-number genotyping was performed using realtime quantitative PCR and commercially available reagents (Applied Biosystems, Foster City, CA, USA) following the manufacturer's recommendations. Five nanograms of sample DNA was added to each of three replicate wells and dried overnight. Two calibrator samples available from Coriell Cell Repositories (NA15510 and NA10851) have been characterized extensively with respect to CNV content and were included in all plates analyzed to ensure genotyping consistency. A minimum of eight wells were left without DNA as 'no template controls' to set maximum limits for cycle threshold values. A copynumber reference assay containing two primers and a VIC and TAMRA dye-labeled probe assayed copy-number at the RNaseP locus, which is known to exist as one copy per haploid genome. This was amplified in a multiplex reaction with a copy-number target assay containing two primers and a FAM dye-labeled minor groove binder probe, which targeted a region in the candidate CNV. Plates were run on the ABI 7900HT machine using the manufacturer's recommended PCR cycling conditions. Cycle thresholds were calculated using the SDS v2.2.2 software with the autobaseline on and a manual C T threshold of 0.20. Wells with a cycle threshold exceeding 32.5 for either the target or the reference probe were excluded from analysis. Of the 346 samples that underwent SNP array genotyping, 323 samples had sufficient DNA available for RT-qPCR reactions and were included in the final CNV analysis. This included 226 cases and 97 controls.
C T values for the target and reference assay were imported into CopyCaller software version 1.0 (Applied Biosystems). A comparative C T (DDC T ) relative quantification analysis of the real-time data was performed. First, the difference between the target and reference C T value was determined for each well and then averaged across sample replicates. The DC T values of the samples are used to calculate copy-number at the target locus relative to that at the RNaseP control locus. These values were categorized into discrete copy-number classes using a maximum-likelihood algorithm in the CopyCaller software, which was conditioned to treat two copies as the likeliest outcome.
Results
SNP GWAS
A total of 349 samples (239 cases and 110 controls) were loaded to microarray chips for genotyping. Of these, 346 passed the default QC call rate threshold (90%) with an overall call rate range of 92.13-99.95%, leaving 239 cases and 107 controls for statistical analyses. Of the O317 000 SNPs genotyped, 308 330 autosomal SNPs with a call rate O95% in both cases and controls (stratified by site) and a Hardy-Weinberg equilibrium c 2 value of !50 in controls were included for analyses. The presence of population stratification was assessed within each study site using the Eigenstrat software (http://genepath.med.harvard.edu/ wreich/Software.htm). The first two eigenvalues showed no significant population stratification was present, likely due to the self-reported northern European ancestry of all subjects and the careful matching that was performed. The GWAS did not identify any SNPs that were associated with case status at a strict Bonferronicorrected level of significance (!1.62!10 K7 ) using either the allelic or genotypic tests ( Fig. 1A and B respectively). The most significant SNP identified was rs2208059 in KIF16B, which had a combined P value of 4.16!10 K7 using the allelic test, and a Mantel-Haenszel odds ratio (adjusted for site) of 2.42 (95% confidence interval (CI)Z1.72-3.42). Across study sites, no heterogeneity was detected in the odds ratio associated with this SNP using the Breslow-Day test. To facilitate further research, a list of the top 25 SNP associations is available from the authors upon request.
CNV analyses from SNP array
A total of 2539 CNVs spanning five or more consecutive SNPs were detected in the 346 casecontrol patients from the carcinoid GWAS, ranging in size from 5.8 kb to 4.74 Mb (medianZ36.7 kb). A total of four regions contained recurrent rare CNVs, which both algorithms detected in multiple cases, but which were not detected in controls from the carcinoid GWAS (Table 1) . The presence, among cases, of all CNVs appearing in Table 1 was successfully confirmed on a per-sample basis using RT-qPCR. Association tests were performed on all individual CNVs, but none returned P values !0.05. The rare CNVs presented in Table 1 are not amenable to traditional association testing due to the limited sample size of this pilot study, but provide promising candidates for future study.
Systematic review and meta-analysis
Overlap between constitutional CNVs and loci frequently altered in ileal carcinoid tumors may harbor shared dosage-sensitive genes, which predispose a subset of patients to future development of carcinoid cancer. In order to guide our selection of promising candidate CNVs for follow-up study, a systematic review and meta-analysis were conducted to determine the most common chromosomal aberration seen in ileal carcinoid tumors. Commonly amplified or deleted regions were considered loci of special interest in our study of constitutional CNVs associated with this disease. Two cases showed duplication of this locus and one showed deletion. All seven population-based control CNVs were duplications.
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The Medline search returned 216 articles, of which 9 were included in the meta-analysis (Terris et al. 1998 , Lollgen et al. 2001 , Tonnies et al. 2001 , Stancu et al. 2003 , Katona et al. 2006 , Kim do et al. 2008 , Kulke et al. 2008 , Andersson et al. 2009 ). Deletion of chromosome 18, especially the 18q22-qter region, was overwhelmingly the most commonly identified chromosomal aberration. In eight studies that included primary ileal carcinoid tumors, loss of chromosome 18q22-qter was observed in 63.3% of the primary tumors (95% CIZ48.9-75.7%; Fig. 2A ). Moderate study heterogeneity was observed in the primary tumor subgroup (I 2 Z47.2%). In four studies that included metastatic ileal carcinoid tumors, loss of chromosome 18q22-qter was observed in 66.2% of the metastatic tumors (95% CIZ52.0-77.9%; Fig. 2A ). Low study heterogeneity was observed in the metastatic tumor subgroup (I 2 Z0.0%). Significant heterogeneity between tumor subgroups (primary versus metastatic) was not detected (QZ0.085, PZ0.771) and therefore the prevalence of 18q22-qter deletions could be analyzed jointly, combining all tumors.
The cumulative meta-analysis, pooling results from nine studies of primary and metastatic ileal carcinoid tumors, determined that 69.7% of these tumors showed loss of the 18q22-qter region (95% CIZ60.0-77.9%; Fig. 2B ), the majority of which have lost the entire chromosome. Low study heterogeneity was observed in the cumulative meta-analysis (I 2 Z0.0%). The presence of reporting bias was assessed by visually inspecting a funnel plot, which graphed study precision against the logit event rate. The funnel plot showed only weak evidence of reporting bias, as there were no studies in the lower right corner. This region corresponds to studies with low precision (small sample size) and a large logit event rate. The Egger et al. (1997) regression asymmetry test did not suggest that publication bias was present (InterceptZK0.034, PZ0.957), but due to the moderate number of studies in the analysis this result should be treated with caution.
Study name
Subgroup within study Targeted analysis on the entire cohort of a candidate CNV on Chr18q22.1
Genome-wide detection of CNVs using SNP array data typically suffers from low sensitivity, thus it is desirable to use an accurate targeted assay to better establish the frequency of promising candidate CNVs in the entire case-control cohort (Scherer et al. 2007 ).
As DNA for such experiments was extremely limited, it was decided a priori that any candidate CNV (Table 1 ) located within a highly recurrent chromosomal lesion identified by the systematic review would be assayed in the entire case-control sample using RT-qPCR.
Of the four candidate CNVs returned from the genome-wide analysis, the one which was most enriched among cases is a w40 kb deletion detected in five cases (2.1%) and zero controls. Although the exact CNV breakpoints have not yet been determined, the array data indicates that the breakpoints vary slightly across cases. This CNV is located at Chr18q22.1, within the chromosomal deletion returned from the systematic review (Fig. 3) . The shared region of overlap for the five cases is from 64.00 to 64.042 Mb on chromosome 18 (genomic coordinates are from May 2004, Build 35). This deletion was not identified in any of the 1512 population-based controls, and has only been reported by two studies listed in the Database of Genomic Variants, both at very low frequencies (Itsara et al. 2009 , Shaikh et al. 2009 ).
One study found this region to be deleted in 7/1854 controls and another in 12/2026 controls (0.38 and 0.59% respectively), both of which are much lower than the 2.1% frequency detected in our cases using the SNP array data.
All samples from the carcinoid GWAS with DNA remaining were assayed for the presence of this deletion using RT-qPCR (ABI primer ID: Hs04003996_cn). The qPCR experiments determined that 14 of 226 cases (6.19%) and 2 of 97 controls (2.06%) had heterozygous copy-number deletions at 18q22.1. The B allele frequency data demonstrated that these 16 individuals had homozygous SNP calls throughout the 40 kb region, supporting the RT-qPCR results. These samples were found to have a copynumber deletion in this region regardless of whether Coriell control sample NA15510, Coriell control sample NA10851, or the maximum likelihood algorithm was used to set calling thresholds. These 16 samples include patients from all the three study sites and confirmed the presence of this deletion in the five samples predicted to have it using the SNP array data.
Discussion
A pilot GWAS assaying w300 000 SNPs did not identify any variants that were significantly associated with ileal carcinoid cancer, although rs2208059 in KIF16B showed some evidence of an association. The lack of statistically significant results may be due to insufficient power to detect variants of small effect size, but the rarity of this disease severely limits the sample size that can be attained. Furthermore, rare diseases may be associated with rare variants not amenable to detection by GWAS (Galvan et al. 2010) . Despite this, we have assembled a list of top SNP candidates, which will be useful in further studies of ileal carcinoid cancer and which highlight the promise of assembling larger case-control cohorts in the coming years. Until larger cohorts can be assembled for case-control analysis, sequencing studies of leukocytic and matched tumor genomes appear warranted.
Owing to the rarity of ileal carcinoid cancer, rare variants seem likely to be involved in the etiology of the disease. We therefore also sought to identify uncommon CNVs associated with case status. Four CNVs that were not found in controls from the carcinoid GWAS were recurrent among cases, all of which occurred at a higher frequency in cases than in the additional 1512 population-based controls. CNVs can alter gene dosage and cause numerous chronic disorders, such as lupus, osteoporosis, and neuropsychiatric disorders including autism, schizophrenia, and Endocrine-Related Cancer (2011) 18 171-180 www.endocrinology-journals.org mental retardation (Yang et al. 2007 , Itsara et al. 2009 ). Although constitutional CNVs have typically been associated with rare familial cancer syndromes (e.g. Von Hippel-Lindau disease (Richards et al. 1993) , non-polyposis colorectal cancer (Charbonnier et al. 2005) ), a w120 kb deletion was recently shown to predispose children to neuroblastoma, serving as the first example of a non-syndromic cancer which is associated with constitutional CNVs (Diskin et al. 2009 ). A systematic review and meta-analysis determined that nearly 70% of ileal carcinoids show loss of chromosome 18q22-qter or all of chromosome 18. This provides strong evidence that loss of a tumor suppressor gene in this region is a critical step in the tumorigenesis of most ileal carcinoids. As this deletion was detected at equal frequencies in primary tumors as in metastatic tumors, which typically harbor a greater number of chromosomal aberrations, this provides substantial evidence that loss of chromosome 18 is an early event in carcinoid tumorigenesis, as opposed to one that is acquired during progression toward metastatic disease.
In our genome-wide analysis of CNVs, the CNV that was most enriched among cases was located at Chr18q22.1. Although this deletion is located in a gene-poor region of the chromosome, it is nonetheless an intriguing observation that deserves further attention. Although most CNVs are believed to arise as a result of non-allelic homologous recombination (NAHR), this deletion is not flanked by any regions with high sequence homology, making NAHR an unlikely explanation for the formation of this CNV (Kidd et al. 2008) . The center of the deleted region contains a palindromic AT-rich repeat, a structural element that can induce double-strand breaks and causes the most common known non-Robertsonian translocation (Kurahashi et al. 2010) . While nonhomologous end-joining can repair such DNA damage, it is an imperfect process capable of creating small CNVs (Conrad & Hurles 2007) . Whether such a mechanism could be responsible for a deletion of 40 kb remains to be determined, but may underlie the genesis of this CNV.
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